The activity of gap junction channels between pairs of neonatal rat heart cells in culture was studied under control conditions and during uncoupling procedures by using dual whole-cell voltage clamp techniques. Under control conditions gap junctional conductance ranged from 0.05 to 35 nS. In cell pairs exhibiting low gap junctional conductance (<500 pS), single-channel events with a unitary conductance of 53 ± 2 pS (5 experiments; 186 events) were apparent. Event duration and open-time probability were estimated to be 0.95 sec and 0.17, respectively. When the junctional conductance in wellcoupled cell pairs (with initial junctional conductance, >5 nS) was reduced by cytoplasmic acidification or application of heptanol, single-channel events could be visualized. Compared to low-conductance controls, unitary channel conductance was unaltered (for acidification the conductance was 58 ± 3 pS in 11 experiments with 253 events; for heptanol the conductance was 61 ± 1 pS in 2 experiments with 171 events), while the probability of channels being open was decreased. The constancy of unitary channel conductance under control conditions and during uncoupling procedures suggests that opening and closing of the gap junction channel are all-or-none processes during which no stable subconductance states are formed. (8); 140-150 pS in reconstituted or incorporated liver gap junctions (9, 10); 120 pS in lacrimal gland (11); 135-165 pS in embryonic heart (12, 13); 114 pS in Xenopus myotomal muscle cells (14)]. However, in each of these studies smaller events were also identified, and the possibility was considered that these smaller events might reflect either the true unitary conductance of the channel or subconductance states ofchannels due to partial closure. While graded closure ofthe gapjunction channel has been proposed to account for graded changes in the selective permeability to molecules of specific sizes (15), other quantitative studies have failed to demonstrate graded changes in selectivity and have indicated that channel closure is an all-or-none process (5, 16).
The generally accepted functions of gap junctions (growth control, signaling during development, metabolite exchange, electrotonic transmission, and synchronization; see ref. 1) are permitted or facilitated by the large size of the intercellular channels of the gap junctions. From experiments in which permeation of gap junctions by molecules of various sizes was measured, the unitary conductance for the gap junction channel was predicted to be =100 pS (2) (3) (4) (5) . Highresolution ultrastructural evaluation of pore size is consistent with a channel at least as large as required for this unitary conductance (6, 7) . Several investigators have found average unitary conductance values ranging from 120 to 200 pS in a variety of tissues [200 pS in reconstituted lens junctions (8) ; 140-150 pS in reconstituted or incorporated liver gap junctions (9, 10) ; 120 pS in lacrimal gland (11) ; 135-165 pS in embryonic heart (12, 13) ; 114 pS in Xenopus myotomal muscle cells (14) ]. However, in each of these studies smaller events were also identified, and the possibility was considered that these smaller events might reflect either the true unitary conductance of the channel or subconductance states ofchannels due to partial closure. While graded closure ofthe gapjunction channel has been proposed to account for graded changes in the selective permeability to molecules of specific sizes (15) , other quantitative studies have failed to demonstrate graded changes in selectivity and have indicated that channel closure is an all-or-none process (5, 16) .
In the present study the unitary conductance of gap junctions between poorly coupled neonatal rat myocardial cells was examined and compared to unitary conductances recorded from well-coupled cell pairs after junctional conductance had been reduced by cytoplasmic acidification or exposure to heptanol. We found an average single-channel conductance of 53 pS under control conditions that was unaltered as channel open time was reduced by these uncoupling treatments. No evidence for stable subconductance states of a larger channel was discerned during uncoupling.
MATERIALS AND METHODS
Cells were isolated from neonatal rat hearts as described (17) and were generally used between 9 and 30 hr after plating, during which time they progressed from spherical to slightly spread morphology (Fig. 1A) . Single-electrode voltage clamps with patch electrodes were used. For measurement of gapjunctional conductance, cells were clamped to a common holding potential, usually 0 mV, at which potential the nonjunctional membrane was relatively quiet. When one cell was stepped to a command potential (usually -10 mV), junctional conductance was measured as the current in the other cell divided by the voltage step (Fig. 1B) . The nonjunctional conductance [defined as (I2 -11)/V2 with cell 2 stepped to the voltage V2 and where I is current and V is voltage] was typically on the order of 0.2-0.5 nS. Singlechannel events (abrupt transitions without apparent partial steps) were visualized by applying a constant transjunctional potential of ± 30 to ± 80 mV. Events of equal and opposite magnitude in the two current traces represented gap junction channel openings and closings (Fig. 1C ). Data were recorded on a Gould Brush recorder (Gould Instruments, Cleveland) with frequency response limited to <100 Hz.
Theory of measuring gap junctional conductance directly under dual voltage clamp control has been considered in detail elsewhere (11, 12, (18) (19) (20) (21) 186 events; see Table 1 ) (Fig. 2C) . From the cell pair illustrated in Fig. 2A , whereas open-time probability was 0.17 (62 events in a 2-min record; for this calculation it was assumed that there were three channels present based on the maximal conductance obtained during a 2-min recording period).
The influence of uncoupling by CO2 or heptanol on the arpplitudes of the unitary events was examined. As is true for several other tissue types (22) , acidification by CO2 reversibly uncoupled neonatal rat myocardial cells (Fig. 3A) . As junctional conductance approached zero, distinct singlechannel events were apparent (Fig. 3B) . Uncoupling by heptanol also revealed single-channel events whenjunctional conductance was near zero (Fig. 3C) (23) and embryonic chicken heart (13) . In the latter case, unitary events of this size were most clearly visualized after pharmacological treatments that reduced junctional conductance and were termed "octanol-resistant channels." The possibility that our recordings of gap junction channels of this smaller size class represent a subpopulation that is insensitive to uncoupling seems unlikely (i) because in low-conductance gap junctions under control conditions, in which it is possible to estimate the maximum number of channels present, the unitary size is 50-60 pS and (ii) because the reversible reduction ofjunctional conductance to immeasurably small values by cytoplasmic acidification or application of heptanol can be accounted for by reduction in time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sum of the resistances of the pore [p(l/rr2)] and access resistances on both sides (2p/4r), where r is the channel's radius, I is its length, and p is the resistivity of the fluid filling the channel (24, 25) . Structural evidence and studies of the channel's permeability (e.g., to Lucifer yellow, which has a diameter of 1.2-1.3 nm, derived from space-filling models) support a channel diameter of 1.6-2.0 nm (3, 6, 7) . The length of the channel is generally assumed to be equivalent to 18 nm, the thickness of two membrane bilayers and gap, which the junction spans, but could be more dependent on how much the large cytoplasmic domain of the protein contributes to pore length (perhaps as much as 5-10 nm for the cardiac gap junction; refs. 26 and 27) . The resistivity of the fluid filling the channel is probably not more than the resistivity of the cytoplasm itself, which for muscle has been estimated to lie between 200 and 300 fl-cm (28) (29) (30) (31) . Assuming that the channel is a right cylindrical pore, these dimensions predict a unitary conductance lying between 37 and 56 pS [corresponding to diameters of 1.6 and 2.0 nm and resistivity of 282 ft*cm (from ref. 28 )]. Our value of 50-60 pS is consistent with this prediction. However, the assumption of a right cylindri- Table 1 ) are displayed in sample bins of 10 pS; two experiments in which mean unitary conductance was significantly different from the others are excluded from the histogram in A cal pore is almost certainly incorrect in view of the structural evidence suggesting a widening ofthe pore at the cytoplasmic surfaces of the channel. Our values are consistent with lengths of the narrowest portion of the channel (which for the gap junction channel is likely to be its selectivity filter) as short as 10-11 nm. Finally, the relatively constant channel size observed here for cardiac gap junction channels under control conditions and in preparations undergoing a reduction in gap junctional conductance reaffirms that closure of the channel is an all-or-none process, not a graded process. The most appealing model for gating of gap junction channels is that the channel opens and closes as does an iris diaphragm. In this model, the subunits are tilted or detilted relative to one another when undergoing the processes of opening and closing (7). Our results suggest that if intermediate conductance states exist as the channel closes, their duration is too short to be resolved.
